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Abstract 
In the paper, plasma immersion ion implantation (PIII) has been put forward to texture and dope the silicon for solar 
cells. The influence of PIII parameters on the surface structure has been investigated. The various surface structure of 
the silicon can be obtained by PIII texturing. Compared with acid texturing solar cells, the average conversion 
efficiency of PIII texturing solar cells has been improved by 0.7% absolute gain. The characteristics of PN junction 
formed by PIII doping have been investigated. The conversion efficiency of the solar cell can reach as high as 
14.84% using PIII doping. 
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1. Introduction 
Photovoltaic cells are one of the few technologies reducing the generation of CO2. Crystalline silicon 
solar cells comprise 80-90% of solar cell production. However, to further reduce the cost and installing 
space, the conversion efficiency of the solar cells should be improved and new technologies should be 
adopted. Plasma immersion ion implantation (PIII) is usually used to dope semiconductors. The physical 
principle of plasma immersion ion implantation is illustrated elsewhere. The PIII equipment is constituted 
by a vacuum chamber containing a plasma source, a gas inlet and a conducting substrate with a 
rectangular high-voltage negative pulse. When high-voltage negative pulse is applied, ion sheath is 
formed around the wafer. Then, doping ions are accelerated toward the substrate surface, where they are 
implanted [1].  
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In the present study, PIII technology is used to texture the silicon to reduce the front reflectance and 
dope the emitter instead of the diffusion process for solar cells. 
2. PIII texturing 
To reduce the front surface reflectance of crystalline silicon solar cells is one of the most important 
points to improve the cells efficiency. Reactive ion etching (RIE) is very effective to reduce the surface 
reflectance and improve the conversion efficiency regardless of grain orientations of multi-crystalline 
silicon wafers, without producing chemical waste. Kyoung-soo Lee et al. [2] have obtained texturing 
156×156 cm2 multi-crystalline silicon by self-masking RIE, which produced 0.7% absolute efficiency 
gain. However, RIE often works in a small range of plasma parameters, which results in single 
microstructure (needle-like structure). During RIE process, surface damage will be created due to the use 
of high-power plasma source. In our previous work, plasma immersion ion implantation has been put 
forward to texture crystalline silicon and form black silicon  (BS) [3]. During PIII process, the reactive 
ions are injected into the silicon substrate under the pulse bias voltage and react with the silicon substrate. 
Unlike RIE method, PIII can work in a large range of plasma parameters and various microstructures can 
be created, including porous, needle-like, moth-eye, honeycomb, dual-scale and so on.  
The microstructure, the structure feature size and the reflectance can be controllable by varying the 
PIII parameters. Figure 1 shows the microstructure of the black silicon varying with the RF power. When 
the plasma power is too high or too low, the microstructure of the black silicon becomes non-
homogeneous. This is due to that the RF power determines ions densities and ions species which play an 
important role in the structure of the black silicon. The influence of the SF6/O2 gas ratio on the 
microstructure of the black silicon is presented in Figure 2. With increasing the SF6/O2 gas ratio, the 
microstructure of the black silicon changes from porous to needle-like. This can be attributed that with 
increasing the SF6/O2 gas ratio, the reactive ions increase, which increase etching effect. Figure 3 shows 
the influence of the processing time on the microstructure. With decreasing the processing time, the 
structure feature size becomes small and the microstructure changes from micro-porous to nano-porous. It 
is very interesting that the reflectance of the black silicon decreases in the near-infrared bands when the 
microstructure changes from micro-porous to nano-porous (as presented in Figure 4). 
 
  
 
  
Fig. 1. The microstructure of the black silicon varying with the RF power 
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Fig. 2. The microstructure of the black silicon varying with the SF6/O2 gas ratio 
 
   
Fig. 3. The microstructure of the black silicon varying with the processing time 
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Fig. 4. The reflectance of the black silicon with micro-porous and nano-porous 
During PIII process, the surface damage will be inevitably introduced by plasma, which induces a high 
surface recombination velocity. In order to produce high efficiency solar cells, surface damage must be 
removed. HF/HNO3/H2O solutions have been used to remove the plasma damage. Meanwhile, the 
microstructure of the black silicon has been optimized and honeycomb structure (as presented in Figure 5) 
can be obtained by HF/HNO3/H2O solutions treatment. With this honeycomb structure, the black silicon 
solar cells have been fabricated through conventional in-line processes. The performance of obtained 
black silicon solar cells are listed in Table 1. Compared with acid texturing solar cells, the average 
conversion efficiency of PIII texturing solar cells has been improved by 0.7% absolute gain. Due to the 
honeycomb structure, the series resistance of black silicon solar cell reduces, improving the fill factor. 
Table 1 The characteristics of black silicon solar cells and acid texturing solar cells 
Cell type Eff(%) Voc(V) Isc(A) Pmax(W) FF   
 PIII texturing 1 17.647  0.626  8.679  4.294  0.791  0.00476 8.401  
PIII texturing 2 17.296  0.625  8.686  4.209  0.775  0.005378 5.934  
PIII texturing 3 17.421  0.625  8.680  4.240  0.781  0.005254 6.954  
PIII texturing 4 17.419  0.625  8.662  4.239  0.782  0.005248 5.701  
PIII texturing 5 17.475  0.625  8.666  4.253  0.785  0.005039 6.012  
PIII texturing 6 17.494  0.626  8.694  4.257  0.782  0.005207 6.905  
PIII texturing 7 17.413  0.624  8.671  4.238  0.783  0.005142 4.916  
PIII texturing 8 17.515  0.626  8.689  4.262  0.783  0.005124 6.543  
Average 17.460  0.625  8.678  4.249  0.783  0.005144 6.421  
Acid texturing 16.802 0.625 8.477 4.089 0.772 0.005432 2.822 
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Fig. 5. The black silicon with honeycomb structure 
3. PIII doping 
To increase solar cell efficiencies, the optimization of the emitter is crucial. Gas diffusion (e.g. POCl3) 
is widely used to dope the emitter in silicon solar cell industry. During the Phosphorous thermal doping 
process, phosphosilicate glass (PSG) is formed at the whole surface of wafers. PSG removal process is 
needed because the passivation property of PSG is poor compared with other passivation layers such as 
SiNx and SiO2. The ion implantation technique, compatible with device processes, could be an alternative 
technique to the thermal doping process. This technique is cost effective because it does not need the 
removal of by-products such as PSG, and the edge isolation process. The most important is that it is more 
advantageous in the uniformity, controllability and reproducibility of doping. Recently, monocrystalline 
silicon solar cells produced by ion-implantation technology have been demonstrated with the cells 
efficiency in the range of 18.73% to 19.1%, which is higher than that of conventional silicon solar cells 
doped by gas diffusion process [4-6]. However, the ion-implantation equipment with ion accelerator and 
magnetic deflector makes the application in solar cells more expensive. Plasma immersion ion 
implantation (PIII) technology with the ability to inject a high dose on a large substrate in a short time 
could be economically acceptable instead of thermal doping process [7]. 
Figure 6 presents the phosphorous concentration profile at different annealing conditions measured by 
secondary ion mass spectrometer (SIMS). The as-implantation profile shows that phosphorous dopants 
accumulate at surface area and the concentration exceeds 1E21 at.cm-3. The PN junction depth is about 
100 nm@1E16 at.cm-3 (corresponding to resistivity of 1~3 cm p-type crystalline silicon). After 
annealing at 850 ºC for one hour and two hours, the PN junction becomes deeper and with the depth of 
about 220 nm @1E16 at.cm-3 and 330 nm @1E16 at.cm-3, respectively.  
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Fig. 6. Phosphorous concentration profiles at different annealing conditions 
With the acid-textured mc-Si and PIII-textured black mc-Si as the substrate, PIII technology is applied 
to dope phosphorous instead of gas diffusion. After doping, the wafers were subjected to annealing at 850 
ºC for two hours to repair the damage and push the PN junction. Then silicon nitride (Si3N4) layer for 
passivation was grown by plasma enhanced chemical vapor deposition process. Then the back electrode 
was fabricated by screen printing using Ag-Al paste, Al paste and front side using Ag paste followed by 
baking and co-firing at a proper temperature. At the same PIII doping condition, sheet resistance of the 
black-Si is lower than that of acid-textured mc-Si. This could be attributed to enlarged surface area of the 
black-Si. The performance of acid textured mc-Si solar cell and the black-Si solar cell are listed in table 2. 
The conversion efficiency of black-Si solar cell is 14.84%, higher than that of mc-Si solar cell. This can 
also be approved from the external quantum efficiency (EQE) of solar cells, as presented in Figure 7. The 
EQE data of the black-Si solar cell is lower than that of acid-textured cell at short wavelengths. This is 
because that the enlarged surface area of black silicon will increase the surface recombination which is 
related with the short-wavelength response. Meanwhile, the nanostructure of black silicon absorbs much 
more incident light, resulting in low reflectivity which will increase long-wavelength response. However, 
the conversion efficiency of solar cells by PIII doping technique is lower than that of solar cells by 
thermal doping process. Therefore, the matched processes (such as screen-printing and co-firing) should 
be improved. 
Table 2 Electrical parameter of mc-Si solar cells and black-Si solar cells 
Cell type Eff(%) Voc(V) Isc(A) Pmax(W) FF   
mc-Si 13.56 0.575 7.47 3.3 0.768 0.0066 25.35 
Black-Si 14.84 0.594 7.85 3.6 0.775 0.0061 34.22 
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Fig. 7. the external quantum efficiency (EQE) of solar cells produced by PIII doping 
4. Conclusions 
Plasma immersion ion implantation (PIII) has been put forward to texture and dope the silicon for solar 
cells. The various surface structure of the silicon can be obtained by PIII texturing. The honeycomb 
structure, which is beneficial for the solar cell, can be obtained by HF/HNO3/H2O solutions treatment. 
Compared with acid texturing solar cells, the average conversion efficiency of PIII texturing solar cells 
has been improved by 0.7% absolute gain. The PN junction can be formed by PIII doping. And the depth 
of the PN junction can reach 330 nm @1E16 at.cm-3 after annealing. The conversion efficiency of the 
solar cell can reach as high as 14.84% using PIII doping. 
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